In recent years, DC fault arc detection has been an electrical engineering research hotspot. At present, most proposed detection methods do not analyze the effects of fault arc electrical characteristics on both line current and supply voltage. Therefore, this study extensively analyzes variations of the line current and supply voltage because of DC arc faults based on the volt-ampere characteristics of DC arc faults. Then, a DC series arc fault detection method is proposed that comprehensively uses information on line current and supply voltage. An experimental platform for DC fault arc generation and detection was established using a DC-DC converter and a photovoltaic power supply as DC power supplies, and the proposed method was confirmed by experiments using this platform. Experimental results demonstrate that the proposed method can effectively distinguish arc faults and has the characteristics of clear physical meaning while maintaining a low amount of calculation.
I. INTRODUCTION
DC power has been extensively used in electric vehicles, data centers, and communication systems [1] - [3] . Multiple household loads, such as LED bulbs, television, printers, air conditioning, washing machines, and refrigerators internally operate on DC [4] , [5] . Moreover, certain distributed renewable energy power generation systems, such as photovoltaic (PV) systems, are based on DC. Because DC power has the advantages of low line cost, low transmission loss, and high reliability [6] , [7] , many DC power distribution demonstration projects have been globally developed in recent years [8] , [9] . Furthermore, China has developed a standard, known as GB/T 35727-2017 ''Guideline for standard voltage of medium and low voltage DC distribution system'' to widen the use of DC power [10] . Therefore, it is reasonable to expect that more applications of DC power will appear. In a DC power system, a fault arc may occur because of aging of electrical line insulation, loosening electrical connections, humid air, or a sharp voltage or current increase; DC fault arcs are an important factor in electrical fires. Therefore, examining DC fault arc detection technology is crucial to improve DC power safety.
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Currently, this study has become a hotspot in electrical engineering research.
Compared with AC systems, studies on DC arc fault detection technology started late. In 2011, UL published its DC arc fault detection standard, ''Standard for Photovoltaic (PV) DC Arc-Fault Circuit Protection'' (UL-1699B) [11] ; however, the corresponding AC arc fault detection standard UL-1699 was published in 1999. Furthermore, there is no natural zero-crossing point in a DC power supply and DC arc faults are difficult to extinguish, thus, the DC arc faults possess considerable potential for harm compared to AC arc faults.
In an AC circuit, there will be different line current waveforms under different load types. Thus, when an arc fault occurs, the line current will generally have a flat shoulder at the line current's natural zero-crossing point; the line current's periodicity will be damaged, and the harmonic proportion of the line current will change. Therefore, load types can be identified by the line current's waveform, and the corresponding detection criteria can be selected based on that load type. However, DC circuit line current has no natural zero-crossing point; thus, the abovementioned phenomena no longer exist. Consequently, to detect DC arc faults, it is difficult to directly use most existing AC arc fault detection technologies [12] . Moreover, loads are basically equivalent to a resistor under a steady-state condition in DC circuits. If we only use line current characteristics, normal operations that occur as the load changes can be easily mistaken for arc faults, increasing the difficulty of detection.
Recently, researches have examined various DC arc fault characteristics and proposed certain detection methods. Existing DC arc fault detection methods primarily detect arc faults using the physical characteristics of arcs and the effect of arc resistance and its dynamic change to line current. Arc faults are accompanied by physical characteristics such as electromagnetic radiation, light, and noise. Methods based on such physical characteristics can thus be used to detect arc faults. In [13] , DC arc fault electromagnetic radiation signal amplitude and frequency spectra are analyzed and a fault detection method based on electromagnetic radiation signal was proposed. Furthermore, the effects of electrode material, current, and pressure on arc fault electromagnetic radiation are further analyzed [14] . However, these methods can only detect arc faults at specific locations as the sensor's installation position is restricted.
An arc fault can be considered as a dynamic nonlinear resistance element in the circuit network. Its resistance is related to the arc's temperature, the supply voltage magnitude, electrode material, the surrounding gas composition, and the arc gap's spacing [15] . The abovementioned parameters are not always constant while the arc is burning, e.g., an arc will produce high temperature that causes the electrode to volatilize, which then affects the arc length. Perhaps arc length increases with time, it becomes prolonged. Arcs can be caused by loose connections, in which case the arc would cause the metal conductor to melt. Thus, the equivalent length of the arc could become shorter. Therefore, the arc's equivalent resistance varies randomly and irregularly, resulting in the line current's dynamic range showing chaotic characteristics [16] , [17] . The irregular fluctuation of the line current in the time domain, and the specific frequency band amplitude in the frequency domain will both increase. Based on arc characteristics in specific application occasions, multiple DC fault arc detection methods have been proposed.
An arc fault detection algorithm based on modified Tsallis entropy using entropy to distinguish the chaotic and orderly variations of signals was proposed in [16] . In [17] , current variation chaos was analyzed in both the time and time-frequency domains, and a series fault arc detecting methods using current variation and root mean square values of wavelet coefficients is proposed. In [18] , a fast Fourier transform (FFT) is used to analyze line current spectrum characteristics, and a series fault arc is detected based on line current amplitude changes before and after a fault arc at a specific frequency. In [19] , the characteristics of the random variation of the current in the arc and the volt-ampere (V-I) characteristics of a PV power supply are used to analyze the effects of the series fault arc on PV supply voltage. A DC series arc fault detection method using the PV supply voltage variance is proposed. In [20] , arc resistance variation rapidity is used. The PV module output power, line current, and supply voltage are detected, and their rates of change are used as a basis for detecting a fault arc.
When a series arc fault occurs, it will generate an arc voltage on the arc gap. Because it is difficult to know an arc's location in advance, arc fault detection cannot be achieved by detecting arc voltage. However, arc voltage in the line affects both line current and load voltage. In [21] , the effects of arc voltage on load voltage under different impedance parameters was analyzed, and DC series arc fault detection method based on the load side voltage decrease at arc initiation is proposed.
Because of normal operations, such as power starting and load switching, the line current signal may have similar effects as arc faults. Thus, additional research is required to avoid false positives that can be attributed to normal operations [14] , [22] .
Recently, some studies have used machine learning-based methods to detect arc faults. In [23] , system voltage and current signal characteristics are extracted using a wavelet transform. These features are then classified using a support vector machine to achieve arc fault recognition. In [24] , hidden Markov models are trained to extract fault arc features in the time and frequency domains and a DC series arc detection method based on the IntelArc system is proposed. In [25] , a detection method based on a deep convolutional generative adversarial network that can solve decreasing detection accuracy because of differences between the original data and the actual situation is proposed. These machine learning-based methods currently require large volumes of high-quality sample data to achieve higher accuracy.
Based on arc V-I characteristics, this study analyzes fault arc effects on the average line current value and the effects of the line current's chaotic characteristics on the AC component of power supply voltage. Then, a DC series arc fault detection method based on the change rule of the line current's average value and chaotic characteristics and the change rule of the supply voltage's AC component is proposed. Compared with DC fault arc detection methods based only on the chaos of the line current variation, our proposed will be more accurate because of the addition of the average line current value change rule and supply voltage AC component. Thus, this method has greater accuracy. Moreover, because we avoid the use of machine learning and advanced filtering techniques, this method does not need many training sets and its amount of calculation is reduced.
II. ANALYSIS OF ARC V -I CHARACTERISTICS EFFECTS ON LINE CURRENT A. ARC V-I CHARACTERISTICS EFFECTS ON THE AVERAGE VALUE OF THE LINE CURRENT UNDER DIFFERENT ARC GAPS
A series arc can be considered a dynamic nonlinear resistance, and the arc gap's length gap will affect its V-I characteristics. The earliest study on arc V-I characteristics is the Ayrton equation, which was proposed in 1902.
Existing arc V -I equations include the Steinmetz equation, Nottingham equation, Van and Wallington equation, and
Paukert equation [26] . Because of the different purposes of these studies, the different equations have considerably differing application scopes. Among these equations, the Paukert arc V-I equation covers a wide range of voltages and currents and contains information on the arc gap's range. Arc current ranges from 0.3 A to 100 kA and the arc gap ranges from 1 to 200 mm. Thus, the Paukert equation can fit arc fault situations in most cases and is shown in (1) .
The values of a and b depend on the arc gap's length and the line current's average value. Based on (1), numerous experiments were performed in [17] to obtain (2) .
where L is the arc gap length, which ranges from 1 to 3 mm, and the value of current I arc ranges from 3 to 25 A. Using (2), it is easier to calculate the line current during arcing than equation (1). When detecting DC series arc faults, the line current is typically of <25 A; thus, (2) can be used in most applications. The curves of V-I characteristics with different L values are shown in Fig. 1 . 
1) CONSTANT RESISTANCE LOAD
Because of the presence of arc voltage, the line current will be less than normal when an arc occurs. In the circuit shown in Fig. 2 where: The line current I L before an arc occurs is as follows:
and when an arc occurs, the line current I L,arc is as follows:
From (3) and (4), when an arc fault occurs, the line current average value change rate η can be expressed as follows:
By plugging (2) into (5), we obtain the following equation:
where V arc increases with increased L at the same current. Therefore, it can be seen from (6) that η will increase as L increases. Bringing the minimum (1 mm) and maximum (3 mm) values of L into (6) yields the range of values of η.
41.23
EI 0.20
Based on (7) , η at several typical line currents and supply voltages are shown in Tables 1 and 2 for L values of 1 and 3 mm, respectively.
For example, for a supply voltage of 300 V and line current of 6 A, η is 0.09 when L is 1 mm and 0.15 when L is 3 mm. If the range of η calculated by (5) is between 0.09 and 0.15, an arc may occur in the line.
The line current may not be in the 3-25 A range and the arc gap may exceed 1-3 mm, e.g., under the arcing test conditions in UL-1699B, line current ranges 2.5-14 A and arc gap length ranges from 0.8 to 2.5 mm [11] . Moreover, equation (2) is fitted by experimental results, with an error of ∼10% [17] . To avoid misjudgment because of equation error, we multiply the results in Tables 1 and 2 by 0.8 and 1.2, respectively, to expand the scope of η. Based on the data in Tables 1 and 2, the range of η for different supply voltages and line currents is shown in Table 3 .
If η is not in the range of Table 3 , the change of the line current average is possibly not caused by an arc fault. When it is calculated by (5) that η is within the range shown in Table 3 and an arc fault may occur. Thus, η can be used as the basis for starting arc detection. 
2) CONSTANT POWER LOAD
When the DC power load is a power electronic converter, it is equivalent to a constant power load. The input current of this load will increase with decreased input voltage. In this case:
Before an arc occurs:
When an arc occurs:
From (8) and (9):
Plugging (2) into (9):
Equation (11) shows that η will increase with increased L. Bringing the minimum and maximum values of L (1 and 3 mm, respectively) into (11), we can obtain the range of η values.
41.23
EI 0.20 L,arc − 41.23
Based on (12) , η at several typical line currents and supply voltages when L is 1 and 3 mm are shown in Tables 4 and 5, respectively. Similarly, the range of η at several typical line currents and supply voltages under a constant power load can be obtained based on Tables 4 and 5 (Table 6 ). To accurately detect DC arc, it is not sufficient to detect line current changes caused by arc faults. Moreover, it is necessary to analyze arc fault other characteristics' effects on the circuit.
B. EFFECT OF ARC V-I CHARACTERISTICS ON DYNAMIC CHANGE OF THE LINE CURRENT
Based on the previous analysis, the arc faults will cause the average value of the line current change to be within a certain range. However, line current changes are not always caused by arc faults. Therefore, it is necessary to analyze line current changes because of other arc fault characteristics.
When the arc is burning, arc temperature, electrode material, and surrounding gas composition will be constantly changing. Furthermore, the electrode will locally volatilize, resulting in the dynamic gap length changes. Therefore, arc resistance will randomly fluctuate to a certain extent, causing a degree of randomness in the line current.
In [27] , an arc model is established in which resistance is added as a random number varying over time. Therefore, when an arc fault occurs, if the DC voltage is constant, the line current can be considered to be random sequences. The random fluctuation of the line current in an arcing state has a degree of increase compared with the normal state.
We continuously sampled the line current's value and filtered out the line current's DC component. The line current's probability density distribution curve was obtained by fitting the line current's AC component data. One study noted that the probability density distributions under normal and arcing states were very close to a normal distribution, as shown in Fig. 3 [28] .
As seen in Fig. 3 , the current distribution's probability density was considerably high near a current amplitude of 0. However, the current amplitude variation range in a normal state was smaller than that in an arcing state; thus, the probability density was much higher than that in an arcing state when the current amplitude was ∼0.
As shown in the distribution curve, the irregular line current fluctuation near the average value increased in an arcing state; thus the standard deviation was considerably higher than that in a normal state. The standard deviation's equation is shown in (13) , where x is a sequence with N points.
III. ANALYSIS OF THE EFFECTS OF ARC V-I CHARACTERISTICS ON AC COMPONENT OF THE SUPPLY VOLTAGE
Line current in an arcing state shows a certain degree of chaos. This is because actual DC power supplies such as DC-DC converters and photovoltaic power supplies are not ideal voltage sources. The power supply's output voltage has an AC component; therefore, the change of the line current will affect the supply voltage change. In this section, we analyze the line current fluctuation's effect on the supply voltage's AC component.
A. DC-DC CONVERTER Fig. 4 shows a simplified circuit model considering a DC-DC converter's internal resistance. where R S internal resistance of the power supply R L load resistance r arc resistance 
and u oc is
In Fig. 4b , i l,arc is as follows:
and u oc,arc is as follows:
When series arc faults occur, U S will remain constant because of the control of the DC-DC converter feedback network. A comparison of (15) and (17) shows that the amplitude of u oc,arc will be considerably higher than that of u oc because of r being in series in the line. Furthermore, the chaos of u oc,arc will increase because of the dynamic change of r.
If a wire in a practical circuit is longer, the line impedance cannot be ignored. Fig. 5 shows an equivalent circuit, where R 0 is the line resistance and L 0 is the line inductance. Here L 0 will affect the power supply's output voltage. When an arc occurs, the random dynamic change of the line current is intensified, the line current's high-frequency component increases, and di/dt increases. Therefore, the voltage on L 0 will be considerably higher than without arcing, and the amplitude of u oc,arc will increase further.
Therefore, regardless of whether the line impedance is considered, the amplitude of u oc,arc will increase when a fault arc occurs. Fig. 6 shows the equivalent model of a PV power supply [29] . It is assumed that the PV power supply's output power and internal resistance remain unchanged over a short time. The equivalent model can be simplified as shown in Fig. 4 . The circuit model in a normal state is shown in Fig. 4a , and i l can be expressed as follows:
B. PV POWER SUPPLY
R L is the equivalent resistance of PV inverters. Because PV inverters are controlled by maximum power point tracking (MPPT) technology, R L is equal to R S when they operate at the maximum power point, and i l can be further expressed as follows:
and u oc is as follows:
If the MPPT control of PV inverters is fast enough in an arcing state, the R L is equal to R S + r. Because the MPPT tracking speed is far less than the change speed of r, and R L is always in a constantly adjusting state, i l,arc is as follows:
Compared with (20) and (22), the amplitude of u oc,arc increases and fluctuates continuously because of the existence of the variable r. Because R L will always be in a constantly adjusting state rather than a stable value, the chaos of u oc,arc will increase.
For power electronic devices such as grid-connected PV inverters, the input is usually paralleled with a filter capacitor. Fig. 7 shows its equivalent circuit diagram. When there is a dynamically changing current because of an arc fault, it is necessary to consider the effect of C in on u oc,arc .Because the AC impedance of C in is much smaller than that of R L under a high frequency current, most of the irregular dynamic current will pass through C in when an arc occurs and the C in will be charged. Thus, the voltage change rate of C in will be much larger. Under the same conditions, a smaller C in will yield a larger voltage change range on C in . Therefore, when an arc fault occurs, the C in will increase the dynamic range of voltage, which will lead to an increased u oc,arc . Therefore, whether considering only L 0 or considering both L 0 and C in , the u oc,arc is larger than u oc when an arc occurs. In fact, the value of L 0 is affected by the wire length and thickness and the value of C in is affected by the load type and load power. Although it is difficult to get accurate values of L 0 and C in in advance, these factors will increase u oc,arc . Thus, the change of u oc,arc can be used as one of the characteristics to determine arc fault occurrence.
To summarize, whether a DC-DC converter or a PV power supply, arc resistance will lead to an increase in the amplitude and chaos of the output voltage's AC component. The AC components of the output voltage and line current change are primarily caused by the dynamic change of r; thus, if the changing trend is the same, the AC component of the output voltage can be calculated by the standard deviation.
IV. DC SERIES ARC FAULT DETECTION METHOD
This section makes use of the line current drop, line current average change, and chaos of the line current and supply voltage to detect arc faults, and proposes a DC series arc fault detection method. Fig. 8 shows a flow chart of the proposed detection method. VOLUME 8, 2020 
Each step of the method is as follows: 1) Acquisition of line current and supply voltage signals:
Acquire and store line current i L and supply voltage u S at regular intervals. 2) Calculation of the line current drop rate γ : Calculate the average value I mean1 of consecutive N current sampling points. If the sampling interval is T S , this is equivalent to calculating the current average of a time window length N * T S . The difference γ j , is then calculated as follows:
I mean1,j and I mean1,j+2 are the average line current values in the jth and j + 2th time windows, respectively. Using the average value to calculate the drop rate can reduce noise interference, and calculating the drop rate between the jth and j + 2th time windows can avoid error caused when the window crosses the drop point. If γ j is negative and meets the condition expressed in (24) , the line current is considered to have dropped, which may be caused by arc faults. 
V. EXPERIMENTS AND ANALYSIS
Based on the above analysis, we test the proposed detection method. An arc fault generator is established following the UL-1699B standard, with an arc generator connected in series in a circuit comprising a fixed electrode and a movable electrode, both of which are composed of copper. A DC-DC converter and PV supply are used as DC power supplies. We use a HIOKI6000 memory recorder to measure and record the line current and supply voltage, with a sampling frequency of 200 kHz.
A. CONSTANT RESISTANCE LOAD
A DC-DC converter is used as the DC power supply in the test, and the load is constant resistance load. Fig. 9 shows the experimental platform. The low-voltage DC distribution voltage ranges from 176 to 231 V (nominal value is 220 V) as dictated by the standard GB/T 35727-2017 [10] , and the DC power supply voltage for the future telecommunications industry ranges from 260 to 400 V as recommended by the standard L.1200 [30] ; thus, the supply voltage and line current are set to 200 V/4 A, 200 V/8 A and 330 V/12 A, respectively. The total length of the wire used in the experiment is 40 m. Based on UL-1699B, the line inductance parameter is 0.7 µH/m and the total line inductance is 28 µH. Figs. 10, 11, and 12 show the experiment waveforms.
1) LINE CURRENT DROP RATE
Considering 10 sampling points as a time window, we use (23) to calculate γ . At the arc starting point (ASP) in Figs. 10a, 11a, and 12a , γ is 0.231 A, 0.322 A, and 0.473 A, respectively. During a normal state, the range of γ is 0-0.071, 0-0.060, and 0-0.061 A, respectively. The γ at the ASP is considerably higher than in a normal state. To provide additional evidence, the experiment was repeated 10 times, and the results are shown in Table 7 . As shown in Table 7 , γ at the ASP is more than twice as large as in a normal state. Therefore, γ can be used as the basis for determining the drop point caused by an arc fault.
2) LINE CURRENT AVERAGE VALUE CHANGE RATE
When a drop point in the line current is detected, considering 10,000 sampling points (0.05 s) as time window length, the η after ASP is calculated using (25) . The range of η in Fig. 10a is 0.13−0.16, that in Fig. 11a is 0.14−0.16, and that VOLUME 8, 2020 in Fig. 12a is 0.07-0.09. Thus, they are all within the range shown in Table 3 .
Ten more experiments were conducted under the same conditions, and the results and corresponding ranges of η from Table 3 are listed in Table 8 . The range of experimental results of η is within the range shown in Table 3 . The experimental results show that the theoretical analysis in Section II is correct. Whether η is within the range shown in Table 3 , it can be used as a feature to determine whether an arc fault occurs. 
3) STANDARD DEVIATION OF THE LINE CURRENT AND AC COMPONENT OF THE SUPPLY VOLTAGE
We selected 0.05 s as the time window length and used (13) to calculate the standard deviations of the data shown in Figs. 10, 11 , and 12. The standard deviations of the line current in normal and arcing states are shown in Table 9 . The standard deviation of the supply voltage's ac component in normal and arcing states is shown in Table 10 .
Although I std,k and U std,k are larger in an arcing state than in a normal state, the difference is not large enough to easily set a threshold. However, the differences between I std and I std,k -I std,min and U std and U std,k -U std,min are obvious. Therefore, thresholds K 2 and K 3 can be easily set. To demonstrate that the proposed method can more easily determine the threshold, we conducted 10 experiments under the experimental conditions shown in Figs. 10, 11, and 12. We Selected I L and U S Values for five time windows in normal and arcing states to calculate (I std,k -I std,min )/ I std and (U std,k -U std,min )/ U std . The values of (I std,k -I std,min )/ I std are shown in Fig. 13 , and the values of (U std,k -U std,min )/ U std are shown in Fig. 14. These results demonstrate that all experimental results under the three conditions are higher than 2; thus, the threshold is easy to set. 
B. CONSTANT POWER LOAD
If the DC load is from a power electronic device, it will show constant power characteristics. When the input voltage changes within a certain range, the output voltage will not change and the input current will change in the opposite direction.
The experiment circuit for a constant power load is shown in Fig. 15 , and the experiment waveforms are shown in Fig. 16 . 
1) LINE CURRENT DROP RATE
As shown in Fig. 16a , the line current will increase after an arc starts if the load is a constant power load; however, the line current will still drop at the moment the arc occurs.
At the ASP, the γ value is 1.827 A, and the range of γ during the normal state is 0.012-0.562 A. The γ at the ASP is more than twice as large as γ during the normal state; therefore, γ can be used as the basis to determine the drop point caused by an arc fault.
When an arc fault occurs, the DC-DC converter's input voltage will decrease and its output power will remain constant; therefore, the input current will increase. However, when arcing occurs, the arc is equivalent to an additional resistor in the circuit, and the DC-DC converter controller will have not yet been adjusted. Therefore, γ will increase suddenly when an arc fault occurs. 
2) LINE CURRENT AVERAGE VALUE CHANGE RATE
In Fig. 16a , the η values range from 0.04 to 0.12. Under this condition (line current of 6-15A and supply voltage of 300-800 V), the range of η shown in Table 6 is 0.02-0.20. Thus, the η in the experiment is within the range shown in Table 6 .
3) STANDARD DEVIATION OF THE LINE CURRENT AND AC COMPONENT OF THE SUPPLY VOLTAGE
Because each time window is set to 0.05 s and the sampling frequency is 200 KHz, the sampling number for each time window is 10K. The standard deviation of the data in each time window in Fig. 16 were calculated using (13) . The standard deviation of the line current in Fig. 16a is shown in Table 11 , and the standard deviation of the line current in Fig. 16b is shown in table 12. Tables 11 and 12 , I std,k -I std,min (U std,k -U std,min ) is considerably higher than I std ( U std ) under a constant power load. This is consistent with the theoretical analysis in Sections II and III. Because the chaotic characteristics obviously increase when an arc fault occurs, it is easy to set the threshold and thus detect the arc fault.
As shown in
If the power of the load is constant, will be higher than that in a normal state, and the chaotic characteristics of the line current and supply voltage will increase. The abovementioned two characteristics are the same as those for a constant resistance load. The difference is that the line current's average value will increase after the arc becomes stable.
C. PV POWER SUPPLY
The experimental platform for DC series arc fault tests in a PV system is shown in Fig. 17 . Eighteen solar panels are connected in series to form a grid-connected PV system. Each solar panel has a rated output power of 275 W, with a rated voltage of 31.0V and a rated current of 8.9 A. The grid-tied inverter model is a Growatt 10000 TL3-S, which has a DC input voltage range of 160-1000 VDC, a full-load MPPT voltage range of 450-850 VDC, and an AC rated output of 10 kW. The experiment was conducted in Beijing on April 28, 2019. The day was cloudy with temperatures ranging from 9 to 20 • . During the experiment, the supply voltage was ∼550 V and the line current is ∼2.6 A. Fig. 18 shows the experimental.
1) LINE CURRENT DROP RATE
Considering 10 sampling points as a time window, (23) is used to calculate γ . At the ASP in Fig. 18a , γ is 0.106 A, and the range of γ is 0-0.020 A during a normal state.
Ten experiments were conducted, and the results of those experiments are shown in Table 13 .
As shown in Table 13 , the γ value at the ASP is more than twice as large as in the normal state. Therefore, γ can be used as the basis for determining the drop point caused by an arc fault. 
2) LINE CURRENT AVERAGE VALUE CHANGE RATE
Considering 10,000 sampling points (0.05 s) as the time window length, the experimental results of η in Fig. 18a range from 0.06 to 0.08. When the line current is 2-6 A and the supply voltage is 300-800 V, the range of η shown in Table 3 is 0.02-0.24.
Ten more experiments were conducted under the same conditions, and the range of η shown in Table 3 is compared with the range of experimental results, as shown in Table 14 . Table 14 , the experimental results of η are all within the range listed in.
As shown in

3) STANDARD DEVIATION OF THE LINE CURRENT AND AC COMPONENT OF THE SUPPLY VOLTAGE
We selected 0.05 s as the time window length to calculate the standard deviation of the data in Fig. 18 . Table 15 shows the standard deviations of line currents in normal and arcing. The standard deviations of the AC component of the supply voltage in normal and arcing states are shown in Table 16 .
As shown in Tables 15 and 16 , compared with I std,k (U std,k ) in normal and arcing states, the differences between I std,k -I std,min and I std (U std,k -U std,min and U std ) are more obvious.
Ten experiments were repeated with the PV system. The values of (I std,k -I std,min )/ I std are shown in Fig. 19 , and the values of (U std,k -U std,min )/ U std are shown in Fig. 20 .
As shown in Figs. 19 and 20 , the experimental results in all three cases are greater than 2. Thus, The Threshold Is Easy To Determine.
To summarize, the proposed method can effectively detect DC series arc faults. Determining the line current drop point is a key step in this method's approach. If the threshold K 1 is set too high, the line current drop point may be missed, which would cause the arc fault detection procedure to fail. Thus, it would be better to set the threshold K 1 to a relatively small value if the arc detection method is started in a normal state. Because it cannot meet other arc fault detection criteria, it would not lead to misjudgment. Distinguishing between ''good'' and ''bad'' arcs in applications is crucial to avoid unnecessary tripping. In the proposed detection method, a value of fa that is greater than K5 indicates that there are more than K5 time windows in which an arc occurs within K4 * 0.05s. Thus, an arc fault (''bad'' arc) is considered to have occurred. because ''good'' arcs generally last a shorter time than ''bad'' arcs, setting a reasonable value of K5 can reduce or avoid the possibility of misjudging ''good'' arcs as ''bad'' arcs.
VI. CONCLUSION
Based on the DC arc's V-I characteristics, changes in the line current and AC component of the supply voltage when arc faults occur are analyzed, and a method for detecting DC series fault arcs. This method detects DC series arc faults by detecting line current drops, line current average value change rates, and the standard deviations of the line current and the ac component of the supply voltage. A DC-DC converter and a PV power supply are used as DC power supplies for experimental verification.
Compared with frequency spectrum analysis of the line current, the proposed method avoids FFT or wavelet transforms of the line current and reduces the amount of calculation. furthermore, compared with machine learning methods, the proposed method does not need much data to learn. Thus, the proposed method is simpler and easier to implement using a low-cost single-chip computer.
